Purpose The aim of this study was to present a tractography algorithm using a two-tensor unscented Kalman filter (UKF) to improve the modeling of the corticospinal tract (CST) by tracking through regions of peritumoral edema and crossing fibers. Methods Ten patients with brain tumors in the vicinity of motor cortex and evidence of significant peritumoral edema were retrospectively selected for the study. All patients underwent 3-T magnetic resonance imaging (MRI) including functional MRI (fMRI) and a diffusion-weighted data set with 31 directions. Fiber tracking was performed using both single-tensor streamline and two-tensor UKF tractography methods. A two-region-of-interest approach was used to delineate the CST. Results from the two tractography methods were compared visually and quantitatively. fMRI was applied to identify the functional fiber tracts. Results Single-tensor streamline tractography underestimated the extent of tracts running through the edematous areas and could only track the medial projections of the CST. In contrast, two-tensor UKF tractography tracked fanning projections of the CST despite peritumoral edema and crossing fibers. Based on visual inspection, the two-tensor UKF tractography delineated tracts that were closer to motor fMRI activations, and it was apparently more sensitive than singletensor streamline tractography to define the tracts directed to the motor sites. The volume of the CST was significantly larger on two-tensor UKF than on single-tensor streamline tractography ( p < 0.001). Conclusion Two-tensor UKF tractography tracks a larger volume CST than single-tensor streamline tractography in the setting of peritumoral edema and crossing fibers in brain tumor patients.
Introduction
Diffusion tensor imaging (DTI) is unique in its ability to trace critical fiber pathways in vivo, and thus allows for application of neurosurgical planning and intra-operative decisionmaking [1] [2] [3] [4] [5] [6] . However, complex white matter architecture, for example, crossing fibers, a ubiquitous feature of neuroanatomy, poses a major challenge to single-tensor model [7, 8] . The single-tensor model fails to account for multiple fibers in a voxel. This inability to resolve multiple intravoxel fiber orientations results in the failure of DTI to trace sub-cortical pathways accurately. Conventional DTI techniques depicting the corticospinal tract (CST) actually trace only those fiber tracts that project to the foot area of the cortex and are unable to trace the lateral projections of CST that link to hand-and lip-related functional cortex [9] [10] [11] . Moreover, in brain tumor patients, the lesions can dislocate, infiltrate, or destroy the normal course and arrangement of white matter fiber tracts [12] [13] [14] . Thus, the challenges of fiber tracking in tumor patients could include effects of peritumoral edema, crossing fibers, infiltration, destruction, or even a combination of effects.
Over the past few years, researchers have proposed several methods to increase the ability of DTI to trace the fiber tracts in complex white matter architecture. Studies have shown that increase in gradient directions, as well as a higher b value, can be used to resolve the effects of crossing fibers [15] [16] [17] [18] [19] . However, the duration of these scans may pose an obstacle to their practical clinical applications. Once diffusion data have been acquired, multi-fiber models have been proposed to increase the sensitivity of tractography in regions of crossing fibers, including spherical deconvolution [9, 20] , diffusion orientation transform [21] , probabilistic tractography [22] , and multi-tensor models [11, [23] [24] [25] . There is a growing awareness in the neurosurgery community that diffusion models must move beyond the current clinical standard of the diffusion tensor model and handle fiber crossings for better anatomical accuracy of fiber tracts [8, [26] [27] [28] [29] . Furthermore, the effects of peritumoral edema still impede the correct identification of fiber tracts. Therefore, there is need of a clinically feasible technique that can resolve those challenges.
The two-tensor unscented Kalman filter (UKF) algorithm [23] was designed to perform tractography within a filter framework using a mixture of two Gaussian tensors to model the signal. Each fiber is traced to its termination from a seed point using the filter to simultaneously fit the local model to the signal and propagate in the most consistent direction. This tractography algorithm allows reconstruction of tracts that pass through branching and crossing fiber regions of the human brain. Our previous work has shown that UKF twotensor tractography can achieve a satisfactory tractography result using clinical scans of 31 directions at a b value of 1000 s/mm 2 [30] .
The aim of this study was to determine whether two-tensor UKF tractography would show improvements in tracing the CST in patients with brain tumors in the vicinity of motor cortex and peritumoral edema. We performed the comparison on a retrospectively selected set of brain tumor patients. The ability to trace the CST from brainstem to internal capsule was used to evaluate the performance of different tractography algorithms.
Materials and methods

Patient population
We retrospectively evaluated all consecutive brain tumor patients who underwent functional MRI and diffusion imaging at Brigham and Women's Hospital between December 2008 and April 2011. Patients were selected for inclusion in the current study if they met the following criteria: (1) They were diagnosed with lesions in the vicinity of motor cortex and scheduled for lesion resection; (2) There was significant peritumoral edema surrounding the lesion; (3) The final diagnosis was confirmed by pathology as brain tumor. Exclusion criteria: Any patient who could not perform the fMRI tasks satisfactorily because of neurological deficits or neurocognitive state. Ten patients (2 male, 8 female; age range 32-64 years) were chosen for inclusion in our retrospective study. We note that our initial goal was to include at least ten subjects in the study; this goal was achieved by evaluating consecutive patients up to April 2011. A detailed description of the patients is given in Table 1 . The study was approved by the Partners Healthcare Institutional Review Board, and written informed consent was obtained from all subjects prior to participation.
MRI acquisition
MR images were acquired using a 3-T scanner (EXCITE Signa scanner, GE Medical System, Milwaukee, WI, USA) with Excite 14.0, using an 8-channel head coil and array spatial sensitivity encoding technique (ASSET). High-resolution whole-brain T1-weighted axial 3D spoiled gradient recalled structural images (TR = 7500 ms, TE = 30 ms, matrix = 512 × 512, FOV = 25.6 cm, FA = 20 • , 176 slices, voxel size = 0.5 × 0.5 × 1 mm 3 ) were obtained.
Diffusion-weighted images were obtained using echoplanar imaging (EPI) with 8-channel head coil and ASSET (TR = 14,000 ms, TE = 75.4 ms, 31 gradient directions with a b value of 1000 s/mm 2 , 1 baseline image, FOV = 25.6 cm, matrix = 256 × 256, at least 44 slices, voxel size = 2 × 2 × 3 mm 3 ). Acquisition of diffusion data sets took 7 min per patient.
Whole-brain functional images were acquired using a quadrature head coil with single-shot gradient-echo EPI sequence sensitive to the blood-oxygen-level-dependent (BOLD) signal (TR/TE = 2000/40 ms, FA = 90 • , slice gap = 0 mm, FOV = 25.6 cm, in-plane resolution = 128 × 128, voxel size = 2×2×4 mm 3 , ascending interleaved sequence). All the motor tasks were self-paced, blocked designs of alternating 20-second task and rest blocks. The motor paradigms included toe wiggling, hand clenching, finger tapping, and lip pursing. Stimuli were presented using a PC laptop (Dell, Inc., Austin, TX), running the E-prime software package (Psychology Software Tools, Pittsburgh, PA) and projected through MR-compatible goggles (Resonance Technology, Northridge, CA).
Preprocessing of DTI data
To convert the raw diffusion MRI dataset from DICOM format into NRRD format, 3D Slicer [31] (www.slicer.org, version 4.3) software was used. We subsequently employed DTIPrep [32] (http://www.nitrc.org/projects/dtiprep) to effect quality control, which included artifact correction/ removal as well as eddy current and head motion artifacts correction by registration to the baseline image. In 3D Slicer, fractional anisotropy (FA) maps were made and the standard color scheme was utilized to visualize the DTI eigenvector orientations (with blue indicating superior-inferior, red indicating transverse, and green indicating anterior-posterior). The DTI tensors were visualized using ellipsoid glyphs in 3D Slicer. All the 10 patients' diffusion MRI datasets were analyzed using both single-tensor streamline and two-tensor UKF tractography algorithms.
Single-tensor streamline tractography
Single-tensor streamline tractography was achieved in 3D Slicer using the second-order Runge-Kutta (midpoint) method. A binary brain mask was computed in 3D Slicer from the diffusion images to limit tractography to within the brain. Whole-brain tractography was seeded within the brain mask in all voxels where single-tensor (standard DTI) FA value was higher than 0.15. Tractography stopped when FA fell below 0.15.
Two-tensor UKF tractography
The idea of two-tensor UKF tractography approach [23] is to trace the local fiber orientations using the estimation at previous positions to guide estimation at the current position. In a loop, the Kalman filter estimates the model at the current location, moves a step in the most consistent direction, and then begins estimation again. Recursive estimation in this way improves the accuracy of resolving individual orientation and produces inherently smooth tracts despite the noise and uncertainty. The two-tensor UKF tractography was conducted in high-performance computing clusters (HPC) and employed to trace whole-brain fiber tracts. As in singletensor tractography (above), the tractography was seeded within the binary brain mask in all voxels where single-tensor FA value exceeded 0.15, and tractography stopped when FA (of the tensor being tracked) fell below 0.15. In addition to the FA thresholds, the UKF method also uses an additional value, the generalized anisotropy (GA), to further contain tracking within regions where a two-tensor fit is reasonable. Based on the variance of normalized diffusivities, GA is sensitive to the presence of anisotropic features such as fiber crossings. The GA threshold for seeding in the UKF method is 0.18. The GA was also utilized as an additional stopping criterion, and we used the default value of 0.10. The results from whole-brain tractography were subsequently imported into 3D Slicer for further analysis.
Fiber bundle selection and CST volume measurement
Fiber bundle selection was performed in the 3D Slicer platform. The aim of this paper was to trace the entire CST, which is an important goal in the neuroscience and neurosurgery literature [7, [33] [34] [35] [36] . A two-ROI approach [37] was employed in the selection of the CST. The ROIs were determined by a clinically trained neurosurgical research fellow (Z.C.) based on the color-coded FA maps and structural images. The first ROI was drawn on the ventral portion of the pons and the other was on the posterior limb of internal capsule. CST volumes were measured as a proxy for its anatomical connection and functionality, which is very commonly performed in studies comparing connections traced by tractography [35, [38] [39] [40] [41] [42] . The Fiber Bundle to Label Map module in 3D Slicer was used to transform the CST into a label map. This module set a specified label value in the label map at every vertex of each of the fibers in each CST. After that, the Label Statistic module was used to calculate the volume of the CST, which was defined as the volume of the voxels occupied by the fibers in each subject.
Functional MRI analysis
Statistical Parametric Mapping software package (http:// www.fil.ion.ucl.ac.uk/spm, SPM8) was used to pre-process and analyze the fMRI data. The functional data were preprocessed with rigid body motion correction by realigning to the session's first functional image, and spatial smoothing using a 6-mm full-width half-maximum (FWHM) Gaussian kernel. We performed the first-level single subject analysis based on the general linear model (GLM) implemented in SPM8. The statistical maps generated from each task design at a threshold of a p < 0.05 using a family-wise error (FWE) correction for multiple comparisons. Maps were then imported into 3D Slicer and were subsequently registered to the baseline diffusion-weighted images using a rigid registration (6 DOF) module [43] . The statistical threshold was finally determined by Z.C. The Save Island function in Edit module was used to select the foot-, hand-, and lip-related ROI maps. After that, we used the Model Maker module to create 3D surface models from fMRI maps for visualization of fMRI activations with fiber tracts. Expert assessment was then performed by Z.C. to visually inspect the differences between different tractography results.
Statistical analysis
Statistical analysis was achieved using STATA (version 11.0; StataCorp, College Station, TX, USA). Standard summary statistics were employed to present the volume measurement data. A paired t test was performed to compare tract volumes across tractography methods. A value of p < 0.05 (twotailed) was set a priori as the statistically significant level.
Results
The evaluation of the CST was based on quantitative measures of its volume, its relationship to fMRI, and knowledge of neuroanatomy. We have illustrated the differences between single-tensor DTI tractography and two-tensor UKF tractography in four selected cases (Figs. 1, 2, 3, 4, 5). We visualized a region at the border of the lesion (Fig.  1a) . Figure 1b shows that fiber tracts that were reconstructed by single-tensor streamline tractography terminated at the boundary of the edematous area. In contrast, two-tensor UKF tractography tracked some fiber tracts through the edematous area (Fig. 1c) . We then visualized the tensors from the standard single-tensor DTI model within the ROI in terms of 3D ellipsoid glyphs. Figure 1d shows that tensor ellipsoids have a higher eigenvalue magnitude and are nearly spherical within the edematous area, while those within normal white matter have a lower eigenvalue magnitude and demonstrate anisotropy. We found that single-tensor streamline tractography could only trace the fiber tracts when the tensor ellipsoids are apparently anisotropic (Fig. 1e) . However, two-tensor UKF tractography showed the ability to trace the fiber tracts in the region even when diffusion was isotropic according to the single-tensor DTI model (Fig. 1f, arrow) .
In Fig. 2a , the single-tensor streamline tractography traced only the medial projections of the CST. In contrast, in Fig.  2b , two-tensor UKF tractography tracked lateral projections, producing a fan-shaped fiber bundle which is consistent with c, d The lateral views of tracking results, where UKF tractography delineates some fiber tracts (arrow) that run through the edema. The correlation between motor fMRI activation and the fiber projections from the two tractography methods is shown in (e-h). Single-tensor streamline does not connect with fMRI activation of hand function (e). In contrast, the lateral projections of CST reconstructed by two-tensor UKF tractography are connected to the activation of hand function (f, arrow). In the superior view, although single-tensor streamline tractography shows some correlation between the medial projections of CST and fMRI activation of foot function (g), the two-tensor UKF tractography demonstrates a better correlation between foot function and fiber tracts (h, arrow) the known anatomy of the CST. Meanwhile, the number of tractography fibers in both sides of the lateral projections of CST appeared similar. This suggests that the lateral projections of CST in the diseased hemisphere are not obscured by the effects of peritumoral edema and crossing fibers. edematous area (Fig. 2c) . However, two-tensor UKF tractography delineates fiber tracts (arrow) that run through the edema, which appear to be displaced by mass effect when compared to the tracts in the healthy hemisphere. We further visually compared the relationship between motor fMRI activation and the fiber projections from the two tractography methods. The two-tensor UKF tractography (Fig. 2f, h ) delineated tracts that were closer to the motor fMRI activation and was apparently more sensitive than single-tensor streamline tractography (Fig. 2e, g ) to define tracts directed to the motor sites. Figure 3 shows the images from a 48-year-old man who had been diagnosed with glioblastoma. In Fig. 3a , the lateral projections of CST are not observable on the single-tensor streamline tractography. In contrast, the two-tensor UKF tractography reveals lateral projections of CST (Fig. 3b) . Figure 3c shows the fiber trajectory reconstructed by singletensor streamline tractography. This image shows that medial projections of CST were disrupted by peritumoral edema. However, two-tensor UKF tractography delineated the fiber tracts which ran through the edematous area (Fig. 3d, arrow) . These results could suggest a different margin for tumor resection. As shown in the figure, it was not possible to reconstruct tracts projecting to fMRI activation of hand (blue model) and lip (purple model) functions with single-tensor streamline tractography (Fig. 3e) , but it was possible with two-tensor UKF tractography (Fig. 3f) . Figure 4 shows images from a 32-year-old woman with multiple recurrent glioblastoma multiforme. Her MRI scans showed progressive enlargement of a non-enhancing region in the posterior temporal lobe that extended into the posterior aspect of the right parietal region to the ventricle. The left toe movement task-associated BOLD activation was seen over That single-tensor streamline tractography underestimated the tracking of the lateral projections of CST (red), whereas two-tensor UKF tractography traced fanning projections of CST (green). Using the single-tensor streamline algorithm, we found that few fiber tracts linked to hand-related functional cortex and the medial projection appeared to be obscured by the peritumoral edema (c). In contrast, the twotensor UKF tractography apparently showed the ability to track through regions of edema and the lateral projections of CST which were linked to the hand-related fMRI activation (d, arrow) the medial precentral gyrus in the expected location, while the left hand clench task-associated BOLD activation was seen over the right lateral precentral gyrus in the expected location.
Case 2
Case 3
The comparison of the two algorithms shows that twotensor UKF tractography tracked (Fig. 4b) an apparently larger CST than single-tensor streamline tractography (Fig.  4a) . Figure 4c and e show the results from single-tensor streamline tractography. These results showed that the singletensor model could only trace the medial projections of CST. In contrast, in Fig. 4d and f, two-tensor UKF tractography traced lateral projections of CST through regions of crossing fibers and peritumoral edema (arrow). Figure 5 shows images from a 43-year-old woman with a history of metastatic breast cancer. She was initially diagnosed with triple negative breast carcinoma and then developed pulmonary and brain metastases. She had left-sided facial weakness and follow-up brain MRI at that time revealed multiple lesions in the left occipital and right frontal lobes. Figure 5 shows that single-tensor streamline tractography underestimated the extent of tracts directed to motor (Fig. 5a ), whereas two-tensor UKF tractography traced fanning projections of CST (Fig. 5b) . In Fig. 5c , using singletensor streamline tractography, we found that there were few fiber tracts that linked to hand-related functional cortex, and the medial projection appeared to be obscured by the peritumoral edema. In contrast, the two-tensor UKF tractography apparently showed ability to track through regions of edema (Fig. 5d, arrow) and we can see the lateral projections of CST were linked to the hand-related fMRI activation.
Case 4
CST volume analysis
The volumes of the CST traced by two-tensor UKF tractography method were significantly greater than those from the single-tensor streamline tractography method (Fig. 6 ). In our patient dataset (n = 10), the single-tensor streamline group mean (SD) CST volume in mm 3 was 7396.2 (2662.4), while the two-tensor UKF group mean (SD) volume in mm 3 was 79858.9 (13719.5), two-tailed p < 0.01. This result suggests that two-tensor UKF tractography traces a larger volume of CST than single-tensor streamline tractography.
Discussion
In this study, we have found that two-tensor UKF tractography could be used to improve the tracking of CST in brain tumor patients by tracking through regions of peritumoral edema and crossing fibers. This has been demonstrated by a comparison of tracking results of single-tensor streamline and two-tensor UKF tractography. Single-tensor streamline tractography underestimated the extent of tracts running through the edematous areas and could only track the medial projections of the CST. In contrast, two-tensor UKF trac-tography tracked fanning projections of the CST despite peritumoral edema and crossing fibers. Similar to a previous study [44] , our results showed that the single-tensor model did not have the ability to estimate the correct fiber orientation when the image voxel is affected by extracellular water (the phenomenon also called partial volume effect). Another single-tensor model limitation is the fiber crossing issue [9, 15, 16, 45] , the well-known reason why single-tensor streamline tractography can only trace the medial projections of CST. In this study, two-tensor UKF tractography overcame the limitations of single-tensor model. The two-tensor model provided the ability to trace a larger volume CST when facing complex white matter structures such as edema-affected fiber tracts and crossing fibers, which could suggest a better estimate than the single-tensor model. In a similar way, we have recently shown that UKF tractography can trace a larger volume of the arcuate fasciculus, when compared to single-tensor tractography, in the setting of peritumoral edema [46] .
Other methods have been proposed to improve the fiber tracking through regions of edema and/or crossing fibers. Mandelli et al. [47] performed a clinical study to quantify the accuracy and precision of diffusion MR tractography of the CST in brain tumors. Their results showed that a probabilistic tracking method delineated tracts that were significantly closer to stimulation points and was more sensitive than a deterministic DTI method in defining the tracts that were directed to the motor sites. However, both DTI techniques demonstrated poor sensitivities to finding lateral motor regions. Our study and theirs showed that higher-order diffusion model tractography could be used to address the challenge of crossing fibers. However, their study did not provide evidence that probabilistic tracking is suitable for tracing through edema. Diffusion spectrum imaging [16] and Q-ball imaging [15] are both novel techniques that demonstrate the ability to resolve the challenges of complex intravoxel fiber architecture. They offer a more complete and more accurate representation of the true diffusion function. However, measuring the complete three-dimensional diffusion function requires long acquisition times and strong magnetic field gradients. This is an obstacle to mapping the fiber pathways in the clinical setting. As we demonstrated in our study, clinical diffusion data of around 30 directions at a b value of 1000 s/mm 2 is adequate for two-tensor UKF tractography. Another study by Zhang et al. [29] showed that generalized q-sampling imaging can visualize the tracts in the peritumoral edema of cerebral tumors better than DTI. McDonald et al. [48] also demonstrated that restriction spectrum imaging can be used to improve the quantification and visualization of white matter tracts in regions of peritumoral edema. As in our study of two-tensor UKF tractography, all these methods showed some extent of improvement of tracing through edema.
Another possible approach for tractography is to trace parts of the fiber bundle based on predefined segments according to the anatomy. This approach is clinically useful when a tractography method fails to trace parts of a tract, but it is complicated by the fact that a predefined segment may appear connected to other tracts, and it may be harder to correctly identify such segments in the context of mass effect and edema. The ability to select the CST in one step is potentially very important for clinical users who have limited time. In this study, we assessed tractography performance according to the ability to trace the CST from pons to internal capsule. The reconstruction of the entire CST is widely used as a measure to evaluate the ability of fiber tracing algorithms to overcome the limitations of complex fiber configurations, e.g., to represent the lateral portion of the CST [7, [33] [34] [35] [36] . To better reconstruct the CST, we used whole-brain seeding. We have previously shown that whole-brain seeding and then selecting the tracts that pass through two anatomically relevant ROIs can delineate more plausible hand and lip motor tracts than seeding from a single ROI, while foot motor tracts can be successfully delineated regardless of the seeding method used [49] .
We selected the CST using two ROIs, where the first one was located in the pons and the second one in the posterior limb of the internal capsule. In the neurosurgery community, the CST is usually considered to connect only to motor cortex [9, 33] . However, anatomically the CST is expected to contain a percentage of sensory fibers (up to one-third), as well as fibers from primary motor, premotor, supplementary motor and somatosensory cortices [50] [51] [52] . For the purposes of the current study, consideration of the fibers passing through the pons and posterior limb of the internal capsule provided an estimate of the sensitivity of each tractography method to trace fibers through the region expected to contain the CST. In this way, the tracked fibers were not only motor cortex connections, but also could include projection fibers passing through the internal capsule, such as sensory fibers. Thus the volume measure that we attribute to CST is expected to contain contributions from non-motor fibers.
We measured the volume of the traced fibers, which does not directly indicate that the CST is functional, is connected to motor areas, or is healthy. However, it does indicate what spatial extent of the tract was able to be traced by each algorithm, and it is a popular anatomical tract measure for CST research [35, 38, 39] . The volume of the CST has been shown to relate to clinical outcomes, such as stroke recovery [35] . Thus the CST volume is a relevant parameter for comparison of tractography methods.
In this study, using the same ROIs for fiber bundle selection, two-tensor UKF tractography traced a much larger volume of CST than single-tensor streamline tractography. This result showed that two-tensor UKF tractography was more robust than single-tensor streamline tractography, but not all of these fiber tracts were related to motor function (some sensory fibers are also included in CST, and a few fiber tracts could be observed in the frontal and/or occipital lobes). For neurosurgery, it is essential to identify the motorrelated functional fiber tracts [53, 54] . In our work, we used motor task fMRI to increase specificity (identify the functional fiber tracts). Also, this study was a small cohort of patients who were mainly composed of high-grade glioma. High-grade glioma is a very aggressive pathological process and the T2 bright signal surrounding glioma can be attributed not only to increased water content, but also to tumor cell infiltration [55] . In our study, we only indicated that UKF tractography could be used to improve the tracing through edema, as edema could be more clearly defined than tumor cell infiltration.
Because all tractography algorithms are computational methods, their parameter settings can influence the fiber tracking results. For example, it is well known that decreasing FA seeding and stopping parameters can result in a more sensitive tractography result for tracing through regions of peritumoral edema [2, 12, 56] . However, this sensitivity may come at the cost of decreased specificity [44] . In this paper, we focused on an empirical test of two tractography algorithms, using typical parameters, with the same FA stopping criterion for the two algorithms. Future evaluation of the influence of anisotropy thresholds (such as FA or GA) is of interest to assess the clinical sensitivity of the UKF technique. We note that while modifying anisotropy thresholds can extend tracking into edema, it cannot address the crossing fibers issue, because a single-fiber model is not well defined in regions of crossing fibers.
Tracking the critical functional fiber tracts by addressing the effects of peritumoral edema and crossing fibers is crucial for neurosurgical planning for resection of lesions in the vicinity of motor cortex [47] . In this initial study, singletensor streamline tractography displayed fewer fiber tracts, and therefore it appeared to provide a greater safe resection margin. This could potentially lead to postoperative neurologic deficits. Tracing a larger volume of fiber tracts could provide valuable information for the neurosurgeon to define a safe resection margin when trying to achieve the goal of "total resection." As a retrospective study, without the aid of intraoperative stimulation, there was no hard evidence to support that two-tensor model is better than single-tensor model in defining the resection margin. Our results suggest that twotensor UKF tractography may be a promising method but further validation is needed.
Limitations
First, the two-tensor UKF tractography algorithm is more computationally intensive than the single-tensor streamline tractography method. The procedure for single-tensor streamline whole-brain tractography required 5-10 min for each subject on a desktop computer while two-tensor UKF tractography required up to 20 min in the HPC, or up to 60-120 min to run per patient on a regular desktop. Second, although the two-tensor UKF tractography tracked a larger volume of CST than single-tensor streamline tractography, because there is no gold standard for validation (such as direct electrical stimulation, which was not available for this retrospective study) in this study, the possibility of false positives and/or false negatives should be taken into account. Third, as a retrospective study, there is no comparison of postoperative outcomes between the single-tensor streamline and two-tensor UKF approaches. Fourth, due to the available patient data, our current study was conducted on high-grade and anaplastic gliomas, which in some cases may displace the tracts more than destroying them. In the future, a more comprehensive comparison should include low-grade gliomas, where the white matter may be infiltrated by the tumor. Future studies will require a larger sample size and direct cortical [53] or subcortical stimulation [13, 46] to further validate the ability of two-tensor UKF algorithm in fiber tracking.
Apart from the specific limitations of the tractography algorithms under study, there are also some widely known general limitations of all tractography methods. First, tractography can be variable both within and across subjects, in terms both of tract volume and of FA measurement [57] . Across-subjects variability can also be due to differences in anatomical structure such as asymmetry [58] . Second, it is well known that anatomical errors in tractography are possible due to false positives and/or false negatives [9, [59] [60] [61] . While false-negative errors can result in missing fibers, e.g., the failure to trace lateral connections of the corticospinal tract with the single-tensor model [9, 60] , spurious false-positive trajectories can be produced that cross from one anatomical structure to another in particular for the more sensitive multiple fiber models [59] . Third, limitations in fiber models such as inability to handle crossing fibers [15, 16] pose difficulties in estimating the correct fiber orientations [11, 22] . Finally, there is a fundamental size mismatch between axons, with diameters measured in micrometers, and voxels, with diameters in millimeters [60] , which means that tractography only represents a best estimate of a fiber tract, and cannot literally be interpreted as representing axons or fibers. Thus all tractography results should be carefully interpreted by the neurosurgeon [62] .
Conclusion
In this study, we have found that two-tensor UKF tractography could be used to improve the tracking of CST in brain tumor patients by tracking through regions of peritumoral edema and crossing fibers. The improved tracking of CST may help the neurosurgeons to define a safe resection margin when trying to achieve the goal of total resection. Although two-tensor UKF tractography has shown promise, effectiveness of this algorithm needs further validation.
